Irrigation treatments involving three different water regimes were carried out in a controlled environment on eight near-isogenic durum wheat lines that differed in a major yield-related QTL region (QYld.idw-3B) in order to assess the relationship between morphophysiological traits, antioxidant enzyme activities, polyamine contents and drought tolerance.
consisted of 3 rows per line, 10 cm apart, in 1.5 m x 4.8 m plots. There were four plots in each treatment, so measurements were made on 12 rows per line/treatment. The soil texture of the experimental site was chernozem with forest residues, having good water permeability. In NW treatment the plants were grown under a rain-out shelter and drought stress was generated by total water withholding from emergence until harvesting, in 30 cm depth of the soil the value of field capacity was 29 vol% (pF 2.5), the wilting point at 10.3 vol% (pF 4.2), and the water-stress state occurs at 19 vol% (pF 3.4). The field capacity of the rain-fed (RF) plots is 30 vol%, the wilting point at 10.8 vol%, the water-stress state begins when the soil moisture drops to 20.2 vol%. The amount of water per area was regulated using an automatic drip irrigation system (Irritrol Junior Max, The Torro Company, Lyndal, USA). Soil moisture sensors were placed at depths of 10, 20 and 30 cm. Data on the moisture content (vol%), temperature (°C) and electrical conductivity (dS/m) of the soil were collected hourly throughout the growing season. For each plot, phenological development was recorded using the Zadoks score (Zadoks et al., 1974) .
The chlorophyll content of the flag-leaf was estimated using a chlorophyll meter (SPAD-502; Minolta, Tokyo, Japan) and expressed as a relative value (SPAD value) at the boot stage (SPAD45), at flowering (SPAD65), in the late stages of milky ripeness (SPAD77), at early waxy ripeness (SPAD83) and at the end of waxy ripeness (SPAD85) in sixteen replications per line for each water regime.
The flag-leaf (FLA) and total plant leaf (PLA) area were defined in eight and twelve replications, respectively, at flowering (ZGS65) using an LI-3100C leaf area meter. The plant height up, to the flag-leaf collar (FLC), the base of the ear (BE) and the tip of the ear (TE, without awn), the peduncle length (PL, from the flag-leaf to the base of the ear) and the neck size (NL, from the last node to the base of the ear) were measured in twelve replications.
Measurements were made on the spikelet number per spike for 16 main spikes (SKNM) per line, on the grain number and grain weight per spike (SNM) and per metre, and on the number of sterile apical (ASM) and basal (BSM) spikelets per spike. Chemical weed control was applied and no disease symptoms were observed during the growth period.
Antioxidant enzyme assays and polyamine analysis
The ascorbate peroxidase (APX) and guaiacol peroxidase (G-POD) activities and the polyamine contents were measured in the flag-leaves of the main tiller in five replications on samples collected from irrigated (W) and non-irrigated (NW) plots at flowering (ZDS65).
Enzyme extraction and the analysis of antioxidant enzyme activity, expressed as nkatal g -1 DW, were carried out as described by Pál et al. (2013) using a UV-visible recording spectrophotometer (UV-VIS 160A, Shimadzu Corp. Kyoto, Japan), by monitoring changes in the absorbance at 290 nm in the case of APX (EC 1.11.1.11.) and at 470 nm in the case of G-POD (EC 1.11.1.7.).
Polyamine extraction and analysis were carried out as described by Pál et al., (2013) .
The polyamines were analysed as dansylated derivatives via HPLC using a W2690 separation 
Statistical analysis
Analysis of variance, phenotypic correlation analysis between phenotypic traits and GGE-biplot analysis were performed for each variant using the GENSTAT17 software.
Means were compared by using Fisher's least significant difference (P<0.001, 0.01 and 0.05).
Results

Soil water conditions in the experiments
In the NW treatment the soil moisture content dropped to below 13 vol% at a depth of 30 cm even before sowing, thus causing water stress ( Supplementary Figure 1-3) . Because of the wet weather in May the water supplies of the rain-fed (RF) and irrigated (W) areas did not differ from each other, so there were no significant differences between any of the measured properties. The results of variance analysis for chlorophyll content indicated that genotypic differences were highly significant at all the developmental phases except in the early waxy ripeness stage (ZDS83), when the SPAD index was 38% lower in the NW treatment than in the W treatment (Table 1 ). The effect of the treatment for the chlorophyll content was not significant at the end of waxy ripeness (ZDS85), while there were positive, significant differences between the lines under stress conditions because of the genotypic effect. The chlorophyll contents of NIL3++, NIL1++ and NIL1--were significantly higher than the experimental mean at ZDS85 (Figure 1 ).
Effect of drought stress on plant morphology and physiology
The different water regimes had a significant effect on both the flag-leaf area and the plant leaf area among the lines. In the case of the W treatment, the flag-leaf area of the NIL1--, NIL1++ lines was significantly larger than the average, while in the NW treatment only line NIL1--had a larger flag-leaf area (Supplementary Table 1 ).
The water stress developing in the soil after sowing significantly reduced the number of fertile tillers and thus the size of the entire plant leaf area in the NW treatment. In the case of the W and NW treatments, the NIL1--and NIL1++ lines had the largest total plant leaf area (Supplementary Table 1 ).
Analysis of variance showed that the genotypic variance was not significant for plant height up to the flag-leaf collar, while the plant height to the bottom and top of the spike showed greater diversity over treatments and lines. The average height of the plants decreased by 12% due to water shortage. In all the treatments the NIL3++ plants were the tallest. Table 1 ).
Tthe effect of drought stress on yield components
Analysis of variance on the yield components indicated that genotypic differences were highly significant for all traits except for the apical sterile spikelet number, where neither the genotype nor the treatment effect was significant (Table 1 ). Due to drought stress the number of basal sterile spikelets significantly increased in the case of lines NIL2--and NIL3--. In the NW treatment, the average grain number in the main spike decreased by 20%, the grain weight by 30%, and the thousand-kernel weight per main spike by 16%, while in the side spikes these values were 28%, 40% and 17%, respectively. In addition, 13% fewer tillers emerged on average compared to the W treatment. Under NW conditions there were significantly more seeds and significantly higher seed weight in the main spike of line NIL1+ +, while line NIL3++ line had the highest seed number and seed weight in the side spikes compared to the mean value for this treatment (Supplementary Table 1 ). GGE biplot analysis showed that PC1 and PC2 accounted a total of 95.12% of the variation (Figure 2 ). In the NW treatment, when the lines were ranked based on seed number per metre NIL1--, NIL2--, NIL3--and NIL4--were found to have lower than average yield, NIL2++ and NIL4++ near average yield, and Svevo, Kofa, NIL1++ and NIL3++ higher than average yield. The vector of NIL3++ was shorter than that of the other lines, suggesting that it was more stable than all the other genotypes.
Drought-induced changes in antioxidant enzyme activities and polyamine contents
Under favourable water conditions the lowest ascorbate peroxidase (APX) activity was measured in Kofa and NIL3++, while the highest value was observed for Svevo. Drought stress (NW) significantly decreased the APX activity except in the case of Kofa and NIL3++ (Table 2 ). The lowest guaiacol peroxidase (G-POD) activity was found in NIL1--and NIL1+ +, and the highest in NIL2++ under irrigated conditions (Table 2) . Drought stress significantly increased the activity of G-POD in all the lines, with the highest increments in NIL1--and NIL1++. The lowest increase in G-POD activity was found in NIL2++, where the enzyme activity was already high under favourable water conditions. The agmatine and cadaverine contents were below the detection limit. Although the patterns of the detectable free polyamine contents, namely putrescine (PUT), spermidine relationship with both SNM (0.533***, 0.500*** and 0.481**, respectively) and SWM (0.383*, 0.352* and 0.399**, respectively).
Discussion
Several breeding experiments for drought tolerance demonstrated that genotypes with good tolerance of stress conditions are incapable of producing high yields under optimum conditions (Rosielle and Hamblin 1981; Dixit et al. 2014; Spitkó et al. 2014) .It would be the idea that high yielding genotypes should be drought-tolerant and have low yield depression when exposed to water shortage. In order to achieve a better understanding of the drought stress responses of plants, complex morphological, physiological and yield component examinations were carried out in an experimental nursery with a rain-out shelter. Nearisogenic durum wheat lines differing only in the QYld.idw-3B region were used to investigate the combined effect of environment, QTL, genotype and treatment. This was the first study to highlight whether the polyamine content or the activities of certain antioxidant enzymes in the flag leaves of NILs are correlated with yield-related QTLs and yield parameters under drought conditions in field experiment.
In the non-irrigated treatment, the plants were subjected to drought stress throughout the growing season, which thus had an impact on inflorescence formation, fertilization and Grain yield was strongly influenced both by genotype and treatment effects, while the genotype by treatment interaction was not significant. In the NW treatment there were significantly more seeds and significantly higher seed weight in the main spike of the NIL1++ line, while line NIL3++ had the highest seed number and seed weight in the side spikes compared to the mean value of the treatment. The positive effect of Kofa QTL on chromosome 3B was observed in two inbreed family under drought stress. It was recently demonstrated that QTL qGYWD.3B.1 on the short arm of chromosome 3B was associated with both increased grain yield and TGW (Shukla et al., 2015) . This QTL was co-located with QTLs for yield components, canopy temperature and days to flowering, and was apparently independent of plant height. It was also observed that four QTLs related to yield, which were robust (i.e. across stressed and irrigated environments), appeared in linkage groups 1B-a, 3B- , 2010) . Although drought tolerance were to be found associated with alterations in the antioxidant metabolism in various plant species, changes in antioxidant enzyme activities during drought stress are greatly dependent not only on which enzyme was examined, but also on the plant species and cultivar, and on the severity and duration of the stress (DaCosta and Huang, 2007) . Drought caused a reduction in the APX activity in Kentucky bluegrass plants, but the decrease was less severe in the tolerant genotype. Under the same conditions no difference in G-POD activity was observed between the sensitive and tolerant genotypes (Xu, 2011) . A similar decrease in APX and increase in G-POD activity were found in wheat plants exposed to drought stress (Chakraborty and Pradhan, 2012) . In other experiments on the wheat APX activity increased in both tolerant and sensitive genotypes, but the maximal activity occurred at the end of flowering in the tolerant one, and at the end of ear formation in the sensitive one (Huseynova, 2012) . In the present experiment, the APX activity decreased under non-irrigated conditions except for Kofa and NIL3++, which have relatively low APX activity even under irrigated conditions. In contrast, higher G-POD activities were detected in all the lines under non-irrigated conditions than under favourable water conditions. The APX activity showed a significant negative correlation with the seed weight of the main and side spikes, the flag leaf area and the SPD content under drought conditions. The G-POD activity also showed a close, negative correlation with several yield components. Table 2 . Polyamine contents and antioxidant activities in the flag-leaves of near-isogenic durum wheat lines under irrigated (W) or non-irrigated (NW) conditions. Data are presented as means ± SD (n=5). *, ** and *** denote significant differences from the experimental mean at the P< 0.05, 0.01 and 0.001 probability levels, respectively. ) ; G-POD: guaiacol peroxidase (nkatal g -1 DW); PUT: putrescine (mg g -1 DW); SPAD45: SPAD value at ZDS45; SPAD65: SPAD value at ZDS65; SPAD77: SPAD value at ZDS77; SPAD83: SPAD value at ZDS83; SPAD85: SPAD value at ZDS85; SPD: spermidine (mg g -1 DW); SPN: spermine (mg g -1 DW); SNM: seed number per main spike; SNS: seed number per side spike; SWM: seed weight per main spike (g); SWS: seed weight per side spike (g); TGWM: 1000-grain weight per main spike (g); TGWS: 1000-grain weight per side spike (g). *, **, *** significant at the P< 0.05, 0.01 and 0.001 probability levels, respectively. 
